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Abstract
Modularization refers to the opportunity for mixing-and-matching of components in
a modular product design in which the standard interfaces between components are
specified to allow for a range of variation in components to be substituted in a
product architecture.  It is through mixing-and-matching of these components, and
how these components interface with one another, that new systems are created.
Consequently, the degree of modularization inherent in a system is highly dependent
upon the components and the interface constraints shared among the components,
modules, and sub-systems.  In this paper, a mathematical model is derived for
analyzing the degree of modularization in a given product architecture by taking into
consideration the number of components, number of interfaces, the composition of
new-to-the-firm (NTF) components, and substitutability of components. An analysis
of Chrysler windshield wipers controller suggests that two product architectures may
share similar interface constraints, but the opportunity for modularization of one
module is significant higher than the other due to the higher substitutability of its
components and lower composition of NTF components.
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4Introduction
The increasing complexity of technologies and their applications in addition to
emergence of new business practices, such as strategic alliances, are forcing firms to
rely on research and development (R&D) as a source of strategy.  Not only firms must
be able to predict the shift of customer preferences towards higher product variation
and customization, at the same time they must refocus their marketing and supply
chain management strategies to ensure proper commercialization and distribution of
their products.  How dependent has competitive strategies of a firm become on new
product development (NPD) strategies and vice-versa?  What are some of the new
challenges faced by marketing and distribution in ensuring desired commercialization
of high-variety-high-customization of new products?  How are firms coping with
these challenges?  No doubt, NPD strategies play a crucial role.  Some firms, for
instance, seek to find leverage from their manufacturing processes such as mass
customization1 and postponement2 strategies.
In this paper, the concept of modularization as a NPD strategy is examined for
assessing the design of architecture at the detailed product design level.
Modularization is defined as the opportunity for mixing-and-matching of components
in a modular product design in which the standard interfaces between components are
specified to allow for a range of variation in components to be substituted in a product
architecture. Modularization can significantly reduce manufacturing processes and
assemblies leading to increased product variety and customization.  It is through
mixing-and-matching of these components, and how these components interact with
one another, that new systems are created.  Naturally, issues regarding
decomposability and integration of components vis-à-vis interface management of
these components become an important factor. In a modular design strategy (as
opposed to integral design strategy), decomposability of the components and interface
compatibility issues must the seriously considered.  Consequently, the degree of
modularization inherent in a product is highly dependent upon the number of
components and the interface constraints shared among the components, modules,
sub-systems, and systems.  However, there is very little evidence from the literature
providing a systematic way to analyze modularization at the detailed engineering level
and how it impacts interface management in platform designs.  How can firms
manage modularity of its products without understanding the basic relationship
between components and interfaces at the root of product architecture?
                                                
1 Mass customization emphasizes the need to provide outstanding service to customers in providing
products that meet customers’ needs (through maximizing individual customization) at a low cost
(through modular components) (Feitzinger and Lee, 1997; Gilmore and Pine, 1997; Kotha, 1995;
Pine 1993).
2
 Bowersox (1982) defined postponement as a “dimension of the sequence, timing and scale of
operation necessary to support differentiated marketing.  At the root of postponement is the economic
principle of substitutability: (1) postpone changes in form and identity to the latest possible point in
the distribution system, and (2) postpone changes in inventory location to the latest possible point in
time.”
5Systems in general are constrained by interface compatibility factors shared among
the components. Although the complexity of a given product architecture is dependent
upon many factors such as technology, know-how of designers, manufacturing
capabilities, etc., the core of its complexities are inherent from basic components and
how these components interface with each other.  The complexity of a system is
accentuated by the introduction of new-to-the-firm (NTF) components3.  The insertion
of NTF components into a given product architecture introduces uncertainty in
interface specification with respect to other components as well as in designing
manufacturing processes to accommodate the assembly of such devices.  Clark’s
(1989) study of automotive industry showed that the combination of a high fraction of
unique parts and significant engineering work done in-house creates a complex
planning process that requires more time to complete.  Clark also argued that the
planning process would be more complex with greater use of unique components
implying that the design problems would be intrinsically harder and involve more
people.  Such issues are likely to extend beyond engineering problems to include
additional uncertainties with manufacturing investment and perhaps product policy.
It is important to note, however, that because each component has a specific function,
modularization at the detailed product architecture level, is not only about mixing-
and-matching of these components but also how these components are configured vis-
à-vis other components in order to arrive at the desired performance and functionality.
The subsequent generation of product variants from common product architecture is
inherent in the architecture of the system manifested by the complex linkages among
components.  In other words, the number of components and interfaces shared among
these components determine the elementary complexity of product architectures.
Moreover, provided that interfaces between components comprising a system
becomes standardized then the complexity of components can be reduced.
In this paper, I focus on the issue of modularization in new product development at
the detailed design level, taking as the unit of analysis a black box of which the
functional specification (including planning activities) is set by the buyer while the
detailed engineering (including design, purchasing, and manufacturing activities) is
the responsibility of the supplier.  In addition, a mathematical model is derived for
analyzing the degree of modularization in a given product architecture by taking into
consideration the following variables: number of components, number of interfaces,
NTF component composition, and substitutability factor.  The paper is organized as
follows.  Firstly, a brief discussion of literature on architecture and modularization is
presented, followed by an introduction of a framework for defining supplier
involvement in engineering, especially the role of modular innovation in black box
design.  Secondly, the modularization model is derived vis-à-vis the formulation for
estimating the interface constraint factor.  Finally, the application of the mathematical
model is illustrated with two product architectures of Chrysler Jeep’s windshield
wipers controller.
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 Although a NTF component is treated as a unique component by the firm, it is not necessarily a new-
to-the-world component.  Hence, a NTF component in one firm may well be a standard component in
another firm.
61. Related Literature
1.1 Definitions of architecture
The term ’architecture’ has different connotations in information systems (IS) and
NPD literatures.  In IS, the term architecture refers to the basic hardware, software,
and network systems in the organization (Lucas, 1997:123).  For example, an
application architecture (AA) is a graphical model showing the major applications
which make up or will make up an organization’s integrated information system, and
how these applications relate to each other in terms of the data flows between them.
The AA serves management communication needs during IS planning and later
enables development of application in an integrated manner (Periasamy and Feeny,
1997:343).
In NPD literature, ‘architecture’ focus on physical components and their linkages and
interactions to other components.  For instance, Ulrich (1995) defined product
architecture as the scheme by which the function of the product is allocated to
physical components, that is, the arrangement of functional elements, the mapping
from functional elements to physical components, and the specification of the
interfaces among interacting physical components.  Similarly, Christensen and
Rosenbloom (1995) defined products as systems comprised of components which
relate to each other in a designed architecture. Each component can also be viewed as
a system, comprising sub-components whose relationships to each other are also
defined by a design architecture.  Moreover, Hsuan (1999a) makes the distinction
between open- versus close-architecture components.  Open-architecture components
are not self-contained, but a function of networked parts working together where
technological interdependencies shared among these components are crucial.  Close-
architecture components are usually supported by a set of open-architecture
components in order to achieve full functionality and performance.
The term product architecture is sometimes referred to as ‘product platform.’
According to Meyer and Utterback (1993), a product platform encompasses the
design and components shared by a set of products.  They defined a product family as
products that share a common platform but having specific feature and functionality
required by different sets of customers.
1.2 Modularization
The term ‘modularization’ refers to modularity (Baldwin and Clark, 1997; Sanchez
and Mahoney, 1996; Meyer and Utterback; 1993), modular innovation (Hsuan, 1999a;
Christensen and Rosenbloom, 1995; Henderson and Clark, 1990), modular system
(Baldwin and Clark, 1997; Langlois and Robertson, 1992), modular components and
modular product design (Schaefer, 1999; Sanchez and Mahoney, 1996; Sanchez,
1994), modular product architecture (Sanchez and Mahoney, 1996; Lundqvist et al.,
1996; Ulrich and Eppinger, 1995), and remodularization (Lundqvist et al., 1996).
For instance, Schaefer (1999) stated that “modular design is characterized by design
groups separated by standardized interfaces that govern how sub-systems are to fit
7together into a whole product ... [allowing] the firm to ‘mix-and-match’ components
from various versions of the product.” He used the results on supermodular functions
by explicitly considering how the interactions between components might affect the
process of partitioning components into research groups.  Meyer and Utterback
(1993), on the other hand, highlighted the importance that early planning and
development of new product platforms must also be coupled with high levels of
modularity in designs and emphasis on layering technologies within an overall
product architecture.  Modularity in designs allows a firm to more readily focus on
critical areas of proprietary technology to advance internally.  Modularity also allows
a firm to upgrade components with newer and better variations from suppliers.
Modularization in this paper refers to the opportunities for mixing-and-matching of
components in a modular product design, in which the standard interfaces between
components are well specified to allow for a range of variations in components to be
substituted in a product architecture (Hsuan 1999a, 1999b).  Mixing-and-matching of
components is only possible when interfaces shared among these components become
standardized.  That is, the specification of the interfaces have to be well defined with
tolerances wide enough allowing a component to interface with another component
without compromising the functionality of the new component created by the
combination of these components.
1.2.1 Advantages of Modularization
The advantages of modularization are highly discussed in the literature.  According to
Baldwin and Clark (1993), modularity boots the rate of innovation, as it shrinks the
time business leaders have to respond to competitors’ moves, and modularity in use
can spur innovation in design as the manufacturers can independently experiment with
new product and concepts.  Schaefer (1999) focus on modularity’s role in increasing
product variety.  Modular design can reduce the cost of enhancing the variety of a
product line, if combining old and new versions of various subsystems results in
distinct versions of the product.  The process of mixing-and-matching can aid the firm
in learning about the interactions between components. The use of modular
components not only provide a large number of variations, it also reduces overall
manufacturing costs (Shirley, 1990).
A modular system allows consumers to take advantage of interchangeable
components rather than having to accept an entire package that is pre-chosen by the
manufacturer.  Modular systems also encourage vertical specialization leading to the
establishment of network of producers.  A decentralized network based on modularity
can have advantages on innovation in trying out alternate approaches simultaneously
leading to rapid trial-and-error learning.  Modular system may progress faster
technologically, especially during periods of uncertainty and fluidity.  Modularity
promotes division of labor as a network with a standard of compatibility promotes
autonomous innovation.  A modular system can blanket the product space with little
loss in production or transaction costs (at least with microcomputers)  (Langlois and
Robertson, 1992).  Sanchez and Mahoney (1996) also mentioned the advantage of
using a modular product architecture to coordinate development processes as a means
to quickly link together the resources and capabilities of many organizations to form
8product development ‘resource chains’ that can respond flexibility to environmental
change.
1.2.2 Constraints Imposed by Modularization
Modularity is achieved by partitioning information into visible design rules and
hidden design parameters, and it is beneficial only if the partition is precise,
unambiguous, and complete.  Modular systems are more difficult to design than
comparable interconnected systems. One problem is that the designers of modular
systems must know a great deal about the inner workings of the overall product or
process in order to develop the visible design rules necessary to make the modules
function as a whole.  Another problem is that imperfect modularization tend to appear
only when the modules come together and function meagerly as an integrated whole.
Furthermore, firms that choose to pursue modular design efforts must be adept at
formulating new financial relationships and employment contracts, and they must
enter into innovative technology ventures and alliances (Baldwin and Clark, 1997). It
has also been argued that the use of standardized components to support mass
customization may increase the cost of materials (Feitzinger and Lee, 1997).
Systemic innovation is more difficult in modular systems to the extent it can destroy
compatibility across components, as such innovation is expected to take place within
the externally compatible components (Langlois and Robertson, 1992).  Furthermore,
systemic innovation in modular systems is expected to vary depending on the nature
of supplier-buyer relationships.  For firms pursuing durable-arm’s-length type of
relationships, the products are often open-architecture, commodity products with few
interaction effects with other inputs.  In contrast, firms pursuing strategic partnerships
with its suppliers, products are often closed-architecture with high level of
customization sharing multiple interaction effects with other inputs, consequently
interface constraints are at their maximum.  Hence, the modularity decisions must be
made accordingly to the degree of supplier-buyer interdependence, the degree of
component customization, value inputs, and interface compatibility effects (Hsuan
1999a).
2. In-House Development Versus Outsourcing
When a new project has been given the green light to start the development, its
activities and processes can be analyzed in three stages: planning, design and
manufacturing.  The planning phase activities are often related to the definition of
functional specification of the new product such as general product definition, lead
time requirements, and definition of interface specifications.  The design and
manufacturing stages are often referred to as the detailed engineering phase where bill
of materials and blue prints are generated, prototypes are built and tested,
manufacturing processes and equipment are selected and qualified, and so on, as
shown in Figure 1.
A component is defined as a physically distinct portion of the product that embodies a
core design concept (Clark, 1985) and performs a well-defined function (Henderson
and Clark, 1990).  The maker or assembler of a system basically faces two
9alternatives to manage the development of its components.  The development
activities of a component can be either carried out in-house or outsourced.  Depending
on the proprietary sensitivity of the component and the degree of supplier
involvement in design and manufacturing, the outsourced component can be further
classified into three categories: supplier proprietary, detail controlled, and black box
components.  In addition, the supplier involvement in engineering can be
characterized by the degree of functional specification and detailed engineering
responsibilities carried out by the supplier (as shown in Figure 2).
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Figure 1.  New Product Development Activities
Supplier proprietary components - Both functional specification and detailed
engineering are performed by the supplier.  There is almost no supplier involvement
in the assembler’s engineering decisions.  The assembler (or buyer) can treat these
components either as standard components (e.g., resistors, diodes, integrated circuits,
etc.) or as highly customized parts (e.g., Intel microprocessors, digital signal
processing chips, etc.).
Detail controlled components4 - Both functional specification and detailed
engineering are the responsibilities of the buyer.  These components often are
assembler’s patented or proprietary parts.  Build-to-print components fall into this
category, in which case only the manufacturing activities are outsourced.  The detail
controlled components (such as microprocessors with proprietary software codes) and
                                                
4
 In Japan, detailed controlled component is referred to as ‘design-supplied’ part (Asanuma, 1985)
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bill of materials (BOM) are often supplied and pre-defined by the assembler, making
the supplier’s involvement in the engineering activities limited.  Some examples of
detail controlled parts include mother-boards for computers, engine controllers, and
some OEM goods.
Black-box components5 - While the functional specification is set by the buyer, the
detailed engineering responsibility lays completely in the hands of the supplier.
Depending on the complexities of the component, the supplier’s involvement in the
assembler’s engineering activities become more significant.  The success (or failure)
and added value provided by the of outsourcing of a black-box component is highly
depended upon the willingness of the parties to share and collaborate in solving
technical problems related to interface compatibility effects.
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PROPRIETARY
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BLACK-BOX
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Supplier Buyer/Assembler
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Figure 2.  A Framework for Defining Supplier Involvement in Engineering.
“Partnership” components - Due to the sequential nature of the NPD process (Figure
1), it is nearly unfeasible to have the functional specification of a component be
defined by the supplier while the buyer is responsible for the detail engineering.  This
case may only be existent in Japanese practices where the operations and planning are
highly integrated.  For example, Toyota’s and Nissan’s suppliers invest in developing
ideas and plans for the next model well in advance.  Both the supplier and buyer
engineers have long-term experience working together, making it easier to rapidly
develop designs for the next model (Dyer and Ouchi, 1993).
                                                
5
 In Japan, black-box component is referred to as ‘design-approved’ part (Asanuma, 1985).
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2.1 The Role of Modular Innovation in Black-Box Design
Henderson and Clark (1990) defined modular innovation as “an innovation that
changes only the relationships between core design concepts of a technology.  It is an
innovation that changes a core design concept without changing the product’s
architecture.”  Similarly, Christensen and Rosenbloom (1995) described it as “the
introduction of new component technology inserted within an essentially unchanged
product architecture.” In general, product specifications of a black box is defined in
advance by the buyer, enabling the product development activities to be carried out
independently, thus not changing core design of the product architecture in which the
black-box is intended for.  Moreover, black-box designs often encompass some
degree of innovation, thus changing the relationships between core design concepts of
a technology.  The modular innovation and its role in black-box design can be
represented by Figure 3.
SUPPLIERSSUPPLIERS BUYERBUYERMANUFACTURER
X(1) X(2)
Z(1)
Y(2)
U(1) Substitutability ≈
n family variations
Y(1)
INNOVATION PRODUCT ARCHITECTURE MODULAR INNOVATION
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.
.
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Family 2
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BB
C(2)
C(2)
.
.
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Figure 3.  Modular innovation and its role in black-box design.
A black box has its unique product architecture that can be decomposed into sub-
circuits, in which every component comprising the sub-circuit can be probed
independently.  Consider a manufacturer faced with the task of delivering a black-box
component.  Often the budget allocated to the project is limited with a very
challenging detail engineering time table.  This means that design lead time is
compressed, hence not much room allocated for trial-and-error experiments to take
place.  Under such circumstances, the best solution is to produce the black box with as
many standard components [e.g., A(n), B(n), C(n), and D(n)] as possible, thus
lowering the component cost, manufacturing costs, and sourcing risks.  The caution
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here is that a black box developed solely with standard components can be easily
copied and reverse-engineered by competitors.  Thus, one solution is to design the
black box with some specific state-of-the-art, proprietary technology [e.g., U(1)] so
that its accessibility by competitors is limited, at least in the short-run.  Although
innovations within a black-box design are not obvious to the eyes of the buyer, the
visible values are clearly indicated by the degree of substitutability of these modules.
That is, the value of a black box is increased significantly as it can be inserted in
families of products without changing the core concept and respective architectures.
The substitutability factor can be represented by the number of n families of products
enabled by a black box (BB).  For example, black-box BB with innovation U(1) is a
modular innovation that can be inserted in buyer’s product architecture with n family
of products.
Similarly, the manufacturer can also outsource some of its components as black-box
parts to its suppliers, as in the case of U(1).  Such innovation or state-of-the-art
technology is likely to be designed and manufactured by a supplier who possesses the
specific knowledge and technical skills of the technology in question.  Within the
supplier’s R&D organization, different sets of components and technologies [e.g.,
X(n), Y(n), and Z(n)] are used in order to produce the innovation U(1).
3. The Model
A simple mathematical model is derived to explain the relationship between the
degree of modularization in a given product architecture with respect to the
composition of its components (e.g., number of NTF components), and degree of
substitutability.  The unit of analysis is a black box of which the functional
specification (including planning activities) is set by the buyer and the detailed
engineering (including design, purchasing, and manufacturing activities) is the
responsibility of the supplier.  The beauty of a mathematical model is that it allows us
to synthesize a complex phenomenon into equations and functions, leading to a wide
range of theoretical examinations and simulations of the phenomenon.  Although
mathematical models are powerful for analyzing dynamic behavior of the variables, it
is confined to the limited number of variables and the formulation of the model is not
so straightforward.
Product architecture defines the way in which components interact with each other.
The substitutability factor of product architecture is a function of the number of
product families made possible by the modular component as well as the number of
interfaces required for functionality.  For example, if a component of a given product
architecture can be used in 10 families (or 10 times the same component), and 2
interfaces must be shared with other components/modules/sub-systems for
functionality, then the substitutability factor of the product architecture is 5
components per interface.  Modular product architecture is comprised of standard
components with high substitutability, allowing for maximum opportunities for
mixing-and-matching of components.  Conversely, integral product architecture is
comprised of NTF components with low substitutability, allowing for minimum
opportunities for mixing-and-matching.  A common product architecture that is used
in various product families would have a high degree of substitutability, translating
into high volume production.  Hence it is assumed that the degree of modularization
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in a given product architecture is constraint by the composition of its components
(number of standard and NTF components), interfaces shared among the components,
and degree of substitutability.
Standard components are components that are not new to the firm, often off-the-shelf
parts, and have well defined technical specifications that are generally accepted as
industry standards.  These parts are often listed in catalogues with low unit prices
varying accordingly with the volume purchased.  NTF component, on the other hand,
is a component that is usually considered as unique by a firm, as such components
often have high technological risks by inducing changes at interfaces shared with
other components, thus altering the configuration of a product architecture. Often the
risks are well justified by the technical superiority of these components, significantly
improving the overall performance of the product.  The use of NTF components is
strategic in nature because the integration of NTF components into a product
architecture are often hard to be imitated by competitors (i.e., modular innovation),
thus creating competitive advantages for the firm, at least in the short-run.  But too
many NTF components hamper innovation due to the increasing complexity in
interface compatibility issues with other components in the product.
In order to capture the essence of modularity assessment, the following assumptions
are made:
1. NPD of black box is used to demonstrate the modularization analysis.  This
implies that the product’s functional specifications, including interface
specifications, do not change over a period of time, allowing the evaluation of the
architecture’s configuration and components composition independently from
other sub-systems.
2. A given product architecture is comprised of a combination of standard and NTF
components.
3. It is argued that NTF components impose higher interface constraints in a given
product architecture.  Therefore, the lower the NTF components composition the
higher the degree of modularization.
4. Product architectures made entirely of standard components can be equally
damaging as product architectures with high-NTF-component content.  It does not
protect a product’s technological content, and can be easily copied by the
competitors. Thus, it is assumed that there should be some amount of NTF
components in a black box.
5. All standard components are equally critical.
6. All NTF components are equally critical.
7. All interfaces6 are equally critical.
                                                
6
 Interface is defined as the linkage between two components. Although one can further classify
interfaces into attachment, spatial, transfer, control and communication, user, ambient, and
environmental interfaces (Sanchez, 1999).
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3.1 Assessment of Modularization in a Product Architecture of a Black-Box
The assessment of degree of modularization in a given product architecture involves
the following steps:
1. Define product architecture and its boundaries.
2. Decompose the product architecture into sub-circuits, so that each one of the sub-
circuits can be assessed individually.
3. Assess the substitutability factor of the black box by counting the number of
product families enabled by the black box, divided by the number of interfaces
required by the black box for functionality, in accordance with the level of
analysis.
4. Count the total number of components comprising the product architecture. This
can be accomplished by looking at the product’s BOM.
5. Compute the NTF component composition of the product architecture (Equation
4.2).
6. Compute the interface constraint factor, or the average number of interfaces per
component, for each sub-circuit as proposed in Section 4.3.
7. Plug these values into the modularization function (Equation 4.4) to find out the
degree of modularization inherent in the product architecture.
3.2 Modularization Function Formulation
The modularization function indicates the amount of modularization inherent in a
given product architecture.  The amount of modularization is a function of the
composition of NTF components, substitutability factor, and interface constraints.
The modularization function, M(u), decreases in a non-linear fashion from a perfect-
modular architecture (i.e., no NTF components) to a perfect-integral architecture (i.e.,
no standard components).
M(u): Modularization function
N: Total number of components
nNTF number of NTF components
nstandard number of standard components
N = nNTF + nstandard Equation 3.1
b: NTF components composition
N
u
N
nb NTF == ; 0 ≤ b ≤ 1 Equation 3.2
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b = 0 represents a perfect-modular product architecture
b = 1 represents a perfect-integral product architecture
Given the range of component composition of a given product architecture defined by
Equation 4.2, it is reasonable to assume that there is a relationship between
modularization and the number of NTF components.  In other words, it is expected
that the degree of modularization, M, decreases at a rate, r, that is proportional to the
amount of modularization present with each set of NTF components, u.
If M is amount of modularization present in a given product architecture with any set
of NTF components u, then as the number of NTF components vary, the amount of
modularization will have changed by the amount of ∆M=rM.  In other words, for any
unit change of NTF components (∆u=1), the corresponding amount of modularization
change ∆M is proportional to the initial amount of modularization.  From this, it
seems plausible that a similar relation should hold for the decrease in any the amount
of modularization in any set of NTF components; that is, the decrease of
modularization should be proportional to the change in the number of NTF
components as well as the initial amount of modularization.
urMM ∆−=∆ )( or rM
u
M
−=
∆
∆
The factor r is the NTF component ratio per the total interface constraints in a given
product architecture.  Since a given product architecture may generate many family
variations, the interface constraint factor is magnified by substitutability factor, s.
Thus, the factor r is represented as:
δδ s
Nu
s
b
r
/
== Equation 3.3
s: substitutability factor
δ: interface constraint factor
Thus,
uM
s
Nu
urMM ∆


−=∆−=∆ δ
/)(
In differential equation form,
M
Ns
u
du
dM
δ−= or duNs
u
M
dM
δ−=
For any constant r, the solutions to the above differential equation are of the form:
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It is assumed that the amount of modularization is constraint by interface
compatibility factors introduced by the NTF components in a given product
architecture, thus the amount of modularization M in a perfect modular product
architecture is when there are no NTF components (u=0), hence the initial condition
of M(0) = M0 = 1.0.
Consequently, the modularization function is derived as the following:
δNsueuM 2
2
−
=)( Equation 3.4
3.3 Estimating the Interface Constraint Factor, δ
Products are comprised of components, but hampered by the interface constraints
shared among these components.  Interface constraints are restrictions imposed by the
components and how interfaces are shared amongst these components in a given
product architecture.  When a given product architecture is decomposed into sub-
circuits, the interface constraints of these sub-circuits can be evaluated in stages.  For
example, the so called components of ‘closed assembled systems’7 (e.g., cars, mobile
phones, computers, etc.) can often be divided into two groups: electronic (e.g.,
resistors, capacitors, semiconductors, etc.) and mechanical (e.g., pins, nuts, bolts,
housing, etc.).  The circuit design (comprising of electronic components) of a given
product architecture can often be evaluated in isolation from mechanical components,
although interfaces shared with these components should not be neglected.
In this paper, interface constraints of a given product architecture is assessed in terms
of the number of interfaces shared per component.  For simplicity, the interface
constraint factor δ is approximated at two levels of analysis8. Level 1 analyzes the
modularization of in the electronic portion of the product architecture (or the circuit
design), and Level 2 analyzes the modularization of the circuit design in relation to
mechanical portion of the product architecture.
Level 1: A given product architecture is decomposed into I number of sub-circuits so
that components and respective interfaces can be analyzed individually at each sub-
circuit levels.  Then, an interface constraint value, δc, defined as the number of
interfaces per number of components in a sub-circuit, can be obtained:
                                                
7
 A ‘closed assemble system’ is a system that is enclosed by sub-systems with clear boundaries, and the
individual sub-system must be linked together via interface and linkage technologies (Tushman and
Rosenkopf, 1992).
8
 This type of analysis fits best for electrical products of which electronic and mechanical components
are clearly delineated such as coffee machines, mobile phones, automotive components, personal
computers, etc.
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a) With I sub-circuits, the aggregate value of all interface constraints from sub-
circuit components, δcomponents, is represented as the average of all δi, that is,
I
I
i
i
averagecomponents
∑
=
==
1
δ
δδ I = number of sub-circuits
So far we have evaluated interfaces of components within sub-circuits, δc.  The next
step is to evaluate the interface constraints shared among the sub-circuits.  That is, the
interface constraint of sub-circuits, δsub-ckt, is the number of interfaces shared by a sub-
circuit (ksub-ckt) per the number of sub-circuits, I, or
I
k cktsub
cktsub
∑ −
−
=δ
b) The interface constraint factor of the electronic portion of the product architecture
is, then, the sum of the interface constraints created by the components within the
sub-circuits and interface constraint existent among the sub-circuits.
δlevel1 = δcomponents + δsub-ckt
Level 2: The modularization of the mechanical portion of the product architecture is
evaluated in the same manner as Level 1.  In Level 2 analysis, δlevel1 is treated as an
input to the final interface constraint factor calculation of the product architecture.
This algorithm is illustrated with the following analysis of two product architectures
from Chrysler Jeep’s windshield wipers controller.
4. Case Illustration
In 1993, when Jeep Grand Cherokee was first introduced in the market as a high-end
utility vehicle, a whole line of innovations and concepts were incorporated in it which
were drastically different or not present in other Jeep models.  Intermittent front-
windshield wipers switch, WIPER controller, remote keyless entry, and vacuum
fluorescent display monitor are some examples of electrical modules that were
incorporated into the vehicle for the first time.  These new innovations would provide
significant improvement in performance, functionality and aesthetic looks compared
to the existing Jeep models.  In this case, the tasks and responsibility for the design
and manufacturing of WIPER was outsourced to a world class manufacturer by
Chrysler.  The WIPER was considered a ‘black-box’ component because while the
functional specification was Chrysler’s responsibility, the detailed engineering
including design and manufacturing was the responsibility of the supplier.  Such
activity resulted in two different technological solutions to the design of the module:
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‘solid-state’ approach and ‘silent-relay’ approach9.  The block diagram of the
windshield wipers’ sub-system linkages is illustrated in Figure 4.
Windshield
Wash Pump Arms &Blades
WIPER
Controller Motor
Wiper 
Switch
s(WIPERSOLID-STATE) = 1/3
s(WIPERSILENT-RELAY) = 3/3
Figure 4.  Block diagram of windshield wipers system.
 
 The old WIPER controller modules applied standard-relay-based technology which
made ‘clicking’ noises when switching from one state to another (e.g., ON and OFF),
a very annoying feature to some customers.  So one of the solutions to defeat such
annoyance was to apply ‘solid-state’ technology of which only transistors and other
electrical components are used to perform the task of ‘switching,’ thus virtually
‘soundless.’ The solid-state WIPER was eventually abandoned and considered a
failure.  But it was a caveat for the subsequent success of the silent-relay WIPER.
 The WIPER module requires three linkages for functionality, regardless to the
technologies embedded within the WIPER: wiper switch, wash pump, and motor.
While the solid-state WIPER is only compatible with Grand Cherokee Jeeps
(substitutability factor, s = 1/3 = 0,33), all three families of Jeeps (Grand Cherokee,
Cherokee, and Wrangler) can use the silent-relay WIPER (s = 3/3 = 1).  The product
architectures of solid-state and silent-relay WIPERs are shown in Figure 5 and Figure
6 respectively.
                                                
9
 All the information presented in this study are the results of the author’s personal hands-on
involvement in the product design, manufacturing, and sourcing tasks of the WIPER.  The
interpretation of the data are solely the responsibility of the author.
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WIPER CIRCUITRY
Figure 5.  Product architecture of solid-state WIPER.
The product architecture of solid-state WIPER is consisted of the following sub-
circuits: power supply, timer and enabling circuitry, oscillator, charge pump, short
circuit protection, and driver circuitry.  The product architecture of silent-relay
WIPER replaces a portion of the solid-state WIPER, thus changing the relationships
shared among the components and respective sub-circuits (Figure 5).
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WIPER CIRCUITRY
Figure 6. Product architecture of silent-relay WIPER.
Furthermore, the technical functionality of each sub-circuit is enabled by components
and respective interfaces.  For example, the power supply sub-circuit is comprised of
three standard components (R1, C1 and VR1) and respective interfaces (Figure 7).
Two connections or interfaces must exist for each one of these components.
Moreover, the circuit must be configured in a specific way for the power supply
circuit to deliver proper functionality.  It is worth to mention that the configuration of
such sub-circuit is considered a standardized design with high reusability across other
circuit designs.
Battery Voltage Oscillator
Charge Pump
Power Supply
C1
VR1
R1
Figure 7.  Schematic of power supply circuit.
The solid-state WIPER has 60 components (N=60), of which 19 (u=19) are NTF
components, yielding a NTF component ratio b of 0,317 (b=19/60=0,317).  Similarly,
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silent-relay WIPER has 57 components with 17 NTF components, translating to a
value of 0,298 for b.
Following the algorithm described in Section 4.3, the calculations of interface
constraint factors for both solid-state and silent-relay WIPERs are 9,85 and 9,94
respectively. Refer to Appendix A and B for the detailed calculations of the interface
constraint factors, δsolid-state and δsilent-relay.
The electronic portion of the WIPER architecture (Level 1), for both the solid-state
and silent-relay modules, share the following relationship with mechanical
components (Level 2), as shown in Figure 8.
WIPER
CIRCUITRY PCB
PINS
HOUSING
k=14
k=14
k=1δ(sub-ckt)solid-state = 6,40
δ(sub-ckt)silent-relay = 6,75
n = 1
Σk = 16
n = 14
Σk = 28
n = 1
Σk = 15
Level 1 Level 2
k=1
Figure 8. WIPER’s relationship with other components.
Now that the interface constraint values have been estimated, we can plug these
values into the modularization function, δNsueuM 2
2
−
=)( :
SOLID-STATE WIPER
u = 19
N = 60
S = 0,33
δ = 9,85
b = 0,317
Msolid-state = 0,40
SILENT-RELAY WIPER
u = 17
N = 57
S = 1,00
δ = 9,94
b = 0,298
Msilent-relay = 0,77
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The silent-relay WIPER has a higher degree of modularization (Msilent-relay = 0,77) than
the solid-state WIPER (Msolid-state = 0,4).  Given the relatively similar values of
interface constraints, the main factor that made the silent-relay WIPER more modular
is attributed to its higher substitutability factor and lower NTF component
composition.  Graphically, the modularization functions for both WIPERs are shown
in Figure 9.  Notice how the modularization gap increases as the number of NTF
components increases.
0,0
1,0
0 60u
M
(u)
M(u)silent-relay
M(u)solid-state0,4
0,77
17 19
Figure 9.  Modularization functions for solid-state and silent-relay WIPERs.
5. Conclusion
This paper discussed the concept of modularization as a new product development
strategy at the detailed product design level. The unit of analysis is a black box of
which the functional specification (including planning activities) is set by the buyer
while the detailed engineering (including design, purchasing, and manufacturing
activities) is the responsibility of the supplier.  It was argued that systems are
constrained by interface compatibility factors shared among the components.  The
complexity of the system is accentuated by the insertion of new-to-the-firm (NTF)
components.  Such components introduce uncertainties in the interface specification
with respect to other components, hence reducing the opportunity for mixing-and-
matching of components.  Because each component has a specific function,
modularization at the detailed product architecture level is not only about mixing-and-
matching of these components but how these components are configured vis-à-vis
other components in order to arrive at the desired performance.  Hence, this paper
focused on the evaluation of modularization in a given product architecture with
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respect to the number of components and interfaces shared among these components
as the determinant of the elementary complexity of the product architecture.
The main contribution of this paper lies with the derivation and application of a
mathematical model in assessing modularization in a given product architecture.
More specifically, the modularization function assesses modularization with respect to
the NTF component composition, the degree of substitutability, and interface
constraints.  The function decreases in a non-linear fashion from a perfect-modular
architecture (i.e., no NTF components) to a perfect-integral architecture (i.e., no
standard components).  The application of the modularization function was illustrated
with a detailed product design of two product architectures of Chrysler Jeep’s
windshield wipers controllers.  The case showed that although two product
architectures may share similar interface constraints, but the opportunity for
modularization of one module is significant higher than the other due to the higher
substitutability of its components and lower composition of NTF components.
One of the advantages of a mathematical model is that it allows us to synthesize a
complex phenomenon into equations and functions, leading to a wide range of
theoretical examinations and simulations of the phenomenon.  Although mathematical
models are powerful for analyzing dynamic behavior of the variables, it is confined to
the limited number of variables and the formulation of the model is not so
straightforward.  Certainly, there are other factors influencing the modularization in a
given product architecture such as manufacturing capabilities, organizational designs,
supplier-buyer partnerships, technological forecasting, to name a few.  Moreover,
different assessment methodologies may use different variables and analyze
modularization from different perspectives, hence different results may be obtained
and interpretation changed.
Despite the limitations set by the mathematical modeling approach a great deal can be
learned about the intricacies shared among components and the interfaces linking
them.  This study should be extended to analyze the different types of interfaces, the
tradeoff between modular and integral product architectures, the tradeoff between in-
house versus outsourcing of components, the policy making of interface management,
and the degree of integration versus decomposition of product architectures, for
example.
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Appendix
Appendix A. Interface Constraint Factor for solid state WIPER, δsolid-state.
Sub-Circuit Component k c Σk c n c
δ i  =
Σk c /n c
k sub-ckt I
δ sub-ckt  =
Σk sub-ckt /I
R1 2
VR1 2
C1 2
Oscillator 16 4,50 3,56 2
Charge Pump 10 4,00 2,50 4
Short Circuit 20 7,75 2,58 3
Driver Circuit 16 7,00 2,29 4
Enabling Circuit 44 17,75 2,48 7
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2,57
3,83
6,40
k n δ
Sub-Circuit  6,40
PCB 16 1 16
Pins 28 14 2
Housing 15 1 15
16
60
9,85δsolid-state = avg(δ)=
3 2
δcomponent = δavg =
Nelectronic =
δsub-ckt =
δlevel1 = δcomponent + δsub-ckt =
Component Level 2
6
3
Nmechanical =
Nsolid-state =
SOLID-STATE WIPER
Component Level 1
Power Supply 6
3,83
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Appendix B. Interface Constraint Factor for Silent-Relay WIPER, δsilent-relay.
Sub-Circuit Component k c Σk c n c
δ i
 =
Σk c /n c
k sub-ckt I
δ sub-ckt  =
Σk sub-ckt /I
R1 2
VR1 2
C1 2
Timer & Enabling 
Circuit 79 35 2,26 6
Silent Relay 9 3 3,00 4
41
2,42
4,33
6,75
k n δ
Sub-Circuit  6,75
PCB 16 1 16
Pins 28 14 2
Housing 15 1 15
16
Nsilent-relay = 57
9,94
Component Level 2
δsolid-state = avg(δ) =
Nelectronic =
δcomponent = avg(δc) =
δsub-ckt =
δlevel1 = δcomponent + δsub-ckt =
Nmechanical =
SILENT-RELAY WIPER
Component Level 1
Power Supply 6 3 2 3
3 4,33
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Danish Research Unit for Industrial Dynamics
The Research Programme
The DRUID-research programme is organised in 3 different research themes:
- The firm as a learning organisation
- Competence building and inter-firm dynamics
- The learning economy and the competitiveness of systems of innovation
In each of the three areas there is one strategic theoretical and one central empirical
and policy oriented orientation.
Theme A: The firm as a learning organisation  
The theoretical perspective confronts and combines the resource-based view (Penrose,
1959) with recent approaches where the focus is on learning and the dynamic
capabilities of the firm (Dosi, Teece and Winter, 1992). The aim of this theoretical
work is to develop an analytical understanding of the firm as a learning organisation.
The empirical and policy issues relate to the nexus technology, productivity,
organisational change and human resources. More insight in the dynamic interplay
between these factors at the level of the firm is crucial to understand international
differences in performance at the macro level in terms of economic growth and
employment.
Theme B: Competence building and inter-firm dynamics
The theoretical perspective relates to the dynamics of the inter-firm division of labour
and the formation of network relationships between firms. An attempt will be made to
develop evolutionary models with Schumpeterian innovations as the motor driving a
Marshallian evolution of the division of labour.
The empirical and policy issues relate the formation of knowledge-intensive regional
and sectoral networks of firms to competitiveness and structural change. Data on the
structure of production will be combined with indicators of knowledge and learning.
IO-matrixes which include flows of knowledge and new technologies will be
developed and supplemented by data from case-studies and questionnaires.
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Theme C: The learning economy and the competitiveness of systems of innovation.
The third theme aims at a stronger conceptual and theoretical base for new concepts
such as 'systems of innovation' and 'the learning economy' and to link these concepts
to the ecological dimension. The focus is on the interaction between institutional and
technical change in a specified geographical space. An attempt will be made to
synthesise theories of economic development emphasising the role of science based-
sectors with those emphasising learning-by-producing and the growing knowledge-
intensity of all economic activities.
The main empirical and policy issues are related to changes in the local dimensions of
innovation and learning. What remains of the relative autonomy of national systems
of innovation? Is there a tendency towards convergence or divergence in the
specialisation in trade, production, innovation and in the knowledge base itself when
we compare regions and nations?
The Ph.D.-programme
There are at present more than 10 Ph.D.-students working in close connection to the
DRUID research programme. DRUID organises regularly specific Ph.D-activities
such as workshops, seminars and courses, often in a co-operation with other Danish
or international institutes. Also important is the role of DRUID as an environment
which stimulates the Ph.D.-students to become creative and effective. This involves
several elements:
- access to the international network in the form of visiting fellows and visits at the
sister institutions
- participation in research projects
- access to supervision of theses
- access to databases
Each year DRUID welcomes a limited number of foreign Ph.D.-students who wants
to work on subjects and project close to the core of the DRUID-research programme.
External projects
DRUID-members are involved in projects with external support. One major project
which covers several of the elements of the research programme is DISKO; a
comparative analysis of the Danish Innovation System; and there are several projects
involving international co-operation within EU's 4th Framework Programme. DRUID
is open to host other projects as far as they fall within its research profile. Special
attention is given to the communication of research results from such projects to a
wide set of social actors and policy makers.
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